Despite previous work on the North American sigmodontine rodents, phylogenetic relationships within the neotomine-peromyscine complex remain conjectural. The debate focuses not only on the number of tribes within the group, but also on the relationships of genera within each tribe. Phylogenetic relationships of 19 species representing 13 genera of neotomine-peromyscine rodents were examined by using approximately 1,200 base pairs (bp) of exon 6 of the nuclear, protein-coding dentin matrix protein 1 gene (Dmp1). The topology obtained from the maximum likelihood analysis indicated that 4 tribes should be recognized: the Neotomini, Peromyscini, Baiomyini, and Tylomyini, with the Tylomyini sister to a rapidly radiating clade of neotomine-peromyscinebaiomyine rodents. In addition, it appears that Dmp1 is phylogenetically informative at the tribal level in North American sigmodontine rodents.
Neotomine-peromyscine rodents represent the most commonly encountered and studied small mammals in North America, yet phylogenetic relationships within this group remain uncertain. Rinker (1954) appears to have been the 1st to suggest a potential division between North and South American cricetines (both of which are now considered members of the subfamily Sigmodontinae). Hooper and Musser (1964a) supported this division by recognizing 2 lineages, the 1st consisting of North American forms (Neotoma, Peromyscus, and allies) and a 2nd consisting of South American forms (Sigmodon, Oryzomys, and allies). Within the North American complex, 2 tribes were proposed: the Neotomini (Neotoma, Xenomys, Ototylomys, and Tylomys) and the Peromyscini (Nelsonia, Baiomys, Scotinomys, Onychomys, Ochrotomys, Neotomodon, Reithrodontomys, and Peromyscus). Carleton (1980) later conducted an extensive morphologic study that included .70 characters (dentition, skull measurements, and reproductive morphology). The resulting phylogeny provided an operational hypothesis for subsequent studies of these taxa. Four tribes were recognized: the Neotomini (Neotoma, Hodomys, Xenomys, and Nelsonia), the Peromyscini (Peromyscus, Reithrodontomys, Neotomodon, Onychomys, Ochrotomys, and several former subgenera of Peromyscus that were elevated to generic status), the Baiomyini (Baiomys and Scotinomys), and the Tylomyini (Tylomys and Ototylomys).
Currently, 2 major classifications are used to depict relationships within the neotomine-peromyscine complex. Musser and Carleton (1993) recognized 2 tribes: the Peromyscini, including Baiomys and Scotinomys, and the Neotomini. An alternate classification (McKenna and Bell 1997) recognized a 3rd tribe, the Tylomyini (Nyctomys, Otonyctomys, Ototylomys, and Tylomys), along with the 2 traditionally recognized tribes. The difference between the classifications, other than the recognition of the Tylomyini, was the removal of Baiomys and Scotinomys from the Peromyscini (McKenna and Bell 1997) and their placement as incertae sedis with Rhagomys, a taxon whose affinities are unknown. These classifications are not based on actual phylogenetic studies; rather, they represent a summation and review of the literature available regarding these rodents.
Recently, sequences from the mitochondrial cytochrome-b gene were examined in an attempt to resolve the phylogenetic relationships within this complex (Bradley et al. 2004) . Results from that study supported Carleton's (1980) 4-tribe system, with a few exceptions. The placement of Onychomys basal to the Neotomini (Bradley et al. 2004) , rather than its traditional placement within the Peromyscini (Carleton 1980; Engel et al. 1998; Hooper and Musser 1964a; McKenna and Bell 1997; Musser and Carleton 1993; Sullivan et al. 1995) was the most apparent difference. Although the study by Bradley et al. (2004) provides a testable hypothesis concerning phylogenetic relationships of the complex, there are potential drawbacks pertaining to mitochondrial sequences (e.g., maternal inheritance, gene linkage, and lineage sorting). In particular, the rate of evolution for the cytochrome-b gene may not be appropriate for resolving relationships at this level when used alone. Conversely, nuclear genes are biparentally inherited and have been shown to be effective in elucidating higher-level phylogenetic relationships of rodents (Adkins et al. 2001; DeBry and Sagel 2001; Huchon et al. 1999 Huchon et al. , 2002 Robinson et al. 1997; Walton et al. 2000) .
The objective of this study is to examine phylogenetic relationships within the neotomine-peromyscine complex by using nuclear DNA sequence data. Specifically, we seek to elucidate the number of tribes within the complex as well as which genera belong in each tribe. To address these questions, 1,200 base pairs (bp) of exon 6 (1,349 bp, 449 amino acid residues) of the protein-coding dentin matrix protein 1 gene (Dmp1) were sequenced. Although the exact function of the gene is unknown, it is involved in some aspect of dentinogenesis (George et al. 1993 (George et al. , 1994 . Dmp1 recently has been identified as a rapidly evolving nuclear gene that apparently tolerates non-frame-shifting insertions and deletions (Toyosawa et al. 1999; Van Den Bussche et al. 2003) . Furthermore, Dmp1 is phylogenetically informative at several hierarchical levels, from the interfamilial (Van Den Bussche et al. 2003) to infraclass level (Toyosawa et al. 1999) . A secondary goal of this study is to further assess the phylogenetic utility of Dmp1, in this case at the tribal level.
MATERIALS AND METHODS
The sampling strategy for this study included at least 1 representative from each genus of proposed neotomine-peromyscine rodents, based on Carleton's (1980) morphologic study. Not included were Nelsonia and 4 former subgenera of Peromyscus (Isthmomys, Megadontomys, Podomys, and Habromys) due to difficulties in obtaining samples. In cases of large genera, such as Peromyscus and Neotoma, multiple taxa were included in order to represent their diversity. Nineteen species representing 13 genera of traditional neotomine-peromyscine rodents were examined along with 3 South American sigmodontines as outgroup taxa (Appendix I). We chose our outgroups based on a variety of sources that have placed the South American and North American sigmodontine rodents sister to each other. Smith and Patton (1999) used representatives of North American neotomine-peromyscine rodents to root trees involving the South American sigmodontine rodents, and Engel et al. (1998) found that constraining the South American sigmodontines sister to the neotomine-peromyscines resulted in a statistically insignificant increase of 7 steps. Musser and Carleton (1993) and McKenna and Bell (1997) also classify these taxa within the subfamily Sigmodontinae. Following their classifications (along with Carleton [1980] and Bradley et al. [2004] ), outgroups were chosen.
Animal care and use procedures followed guidelines approved by the American Society of Mammalogists (Animal Care and Use Committee 1998) . Whole genomic DNA was isolated from frozen liver tissue by using the DNeasy tissue kit (Qiagen, Valencia, California). Polymerase chain reaction (PCR) amplifications were performed in 50-ll reactions by using the FailSafe PCR PreMix Selection Kit (Epicentre, Madison, Wisconsin). Primers (Table 1) used to amplify exon 6 of Dmp1 correspond to Den12 and Den2 of Toyosawa et al. (1999) , and additional primers for sequencing were designed in the course of this study or were those used by Van Den Bussche et al. (2003) . PCR reactions contained 500 ng of whole genomic DNA, 25 ll of FailSafe PCR 2X PreMix, 1.25 units of FailSafe PCR Enzyme Mix, and primers in a final concentration of 1.0 lM. Thermal profile conditions included 1 cycle of initial denaturation at 958C for 10 min; 35 cycles of 958C denaturation for 1 min, 558C annealing for 1 min, and 728C extension for 1 min 30 s; and a final extension of 728C for 30 min. Double-stranded amplicons were purified by using the QIAquick PCR purification kit (Qiagen) and were sequenced in both directions by using Big-Dye chain terminators and an ABI Prism 310 genetic analyzer (PE Applied Biosystems, Inc., Foster City, California). All sequences generated in this study were deposited in GenBank, and accession numbers are listed in Appendix I.
Sequencher 3.0 software (Gene Codes, Ann Arbor, Michigan) was used to align contiguous fragments and to proof nucleotide sequences, and MacClade 4.0 (Maddison and Maddison 2000) was used to translate DNA sequences into deduced amino acids to assist in alignment and subsequent analyses. CLUSTAL X (Thompson et al. 1997 ) was used for multiple sequence alignments of both deduced amino acids and nucleotides (based on the amino acids); sequences were then adjusted by eye.
Data analysis was performed in PAUP*4.0b10 (Swofford 2002) . Maximum parsimony was conducted on both nucleotides and deduced amino acids by using equal weighting, the branch and bound search option, and tree bisection-reconnection. Variable nucleotide characters were treated as unordered and discrete, and gaps were treated as a 5th character state. Heterozygous sites were designated by using the accepted International Union of Biochemistry polymorphic code. Uninformative characters were removed from all parsimony analyses. Robustness of topologies was assessed via bootstrapping (Felsenstein 1985) with 1,000 iterations and Bremer support indices (Bremer 1994) calculated by using the software program Autodecay (Eriksson 1997) .
Maximum likelihood was performed according to the parameters specified in the Tamura-Nei (Tamura and Nei 1993) model of evolution (TrN þ G), which was deemed the most appropriate model for the data by Modeltest (Posada and Crandall 1998) . Base frequencies were A ¼ 0.2864, C ¼ 0.2468, G ¼ 0.3333, T ¼ 0.1336; the substitution rate matrix consisted of A-C ¼ 1.0000, A-G ¼ 2.8912, A-T ¼ 1.0000, C-G ¼ 1.0000, C-T ¼ 9.1790, and G-T ¼ 1.0000; and the gamma distribution shape parameter was equal to 0.5680. The tree topology obtained from the maximum likelihood analysis was then constrained to conform to the hypotheses of Carleton (1980) and Bradley et al. (2004) and tested for statistically significant differences by using the Shimodaira-Hasegawa test (Shimodaira and Hasegawa 1999) with 1,000 replicates (P , 0.05). In addition, a Bayesian analysis (GTRþIþG) was performed in MrBayes (Huelsenbeck and Ronquist 2001) , running 4 Markov chains for 2 Â 10 6 generations and sampling every 100 generations. After visualization of the likelihood scores, trees generated before the stabilization of the likelihood values were discarded.
Genetic distances were calculated by using the nucleotide data under the Kimura 2-parameter model (Kimura 1980) to provide values comparable to previous studies involving neotomine-peromyscine rodents. In addition, a neighbor-joining analysis was performed under the TrN þ G (Tamura and Nei 1993) model as in the parsimony analysis described above. This model was identified as the most appropriate for the data set by Modeltest (Posada and Crandall 1998) .
RESULTS
The sequences obtained were highly acidic, rich in serine, and all possessed the conserved arginine-glycine-aspartate cell attachment tripeptide midway through the gene. Overall nucleotide frequencies were A ¼ 30.1%, C ¼ 24.6%, G ¼ 32.7% and T ¼ 12.6%. In addition to the biochemical characteristics of Dmp1, no stop codons were found in any of the sequences, thus instilling confidence that the appropriate gene region was examined. Fifty-three of 26,400 aligned sites were scored as ambiguous for 2 bases; no 3-or 4-base ambiguities were found. Observed heterozygosity ranged from 0 sites (6 taxa) to 8 sites (Peromyscus mexicanus), with a mean of 2.41 sites per individual. Nearly 20 insertion-deletion events were detected, all of which were multiples of 3 nucleotides (ranging from 3 to 57 bp in length). Most were phylogenetically informative and conserved at the tribal level; however, some were conserved at the genus level and still others were not informative. As an example, all species of Peromyscus, Osgoodomys, Neotomodon, Reithrodontomys, and Onychomys possessed a 6-bp deletion.
Under a parsimony framework, 951 uninformative characters were removed from analysis, with 249 informative characters remaining. Six equally most parsimonious trees were generated from the nucleotide data, and a strict consensus tree was constructed (Fig. 1) . Four main clades were detected. Clade I included 5 taxa representing 3 genera (Neotoma, Hodomys, and Xenomys); clade II included 10 taxa representing 6 genera (Peromyscus, Neotomodon, Osgoodomys, Reithrodontomys, Onychomys, and Ochrotomys); clade III included 2 taxa representing 2 genera (Baiomys and Scotinomys); and clade IV included 2 taxa representing 2 genera (Tylomys and Ototylomys). Clades I-III were unresolved in their relationships to one another; however, clade IV clearly was sister to that complex. Bootstrap support was strong for both clades I and IV (99% and 100%, respectively) but was relatively low for clade III (74%). Bootstrap support for clade II was only 64% with Ochrotomys included; however, that support increased to 99% for the remaining taxa within that clade.
When deduced amino acids were examined in a parsimony framework, 307 uninformative characters were excluded, leaving 93 informative characters. A strict consensus tree was constructed from the 176 equally parsimonious trees (208 steps, CI ¼ 0.712, RI ¼ 0.786, RC ¼ 0.560, and HI ¼ 0.288). The topology (not shown) was similar to that generated from the nucleotide data, albeit with lower bootstrap support values. A clade consisting of Peromyscus, Neotomodon, and Osgoodomys was strongly supported, as was a clade containing the 3 representatives of Neotoma and a clade representing Tylomys and Ototylomys. Although there was strong support for a clade consisting of all genera corresponding to clades I-III in the nucleotide analysis, the deduced amino acids offered little resolution internally.
Maximum likelihood and Bayesian analyses resulted in identical topologies (Bayesian tree is shown in Fig. 2 ), which were similar to the topology generated by maximum parsimony analysis but with all relationships resolved. Four clades, each consisting of the same genera as in the tree generated by parsimony, were apparent. Clades II and III were sister to one another, with clades I and IV joining in a stepwise fashion. Bayesian posterior probabilities supported all relationships except for the position of Xenomys in clade I; Neotomodon and Ochrotomys in clade II; Onychomys sister to a group of Peromyscus, Neotomodon, and Osgoodomys in clade II; and clade II sister to clade III. It is important to note that Bayesian posterior probabilities (!95% ¼ support) differ from bootstrap values and should not be taken as such (Alfaro et al. 2003; Douady et al. 2003; Huelsenbeck et al. 2002) .
The topology generated from the neighbor-joining analysis (not shown) also was extremely similar to the topologies generated by parsimony, likelihood, and Bayesian analyses. In this analysis, clades I and II were sister, with clades III and IV joining in a stepwise manner. In contrast to the other analyses, members within the genus Peromyscus formed a monophyletic group, with Neotomodon and Osgoodomys joining in a stepwise fashion, followed by Reithrodontomys, Onychomys, and Ochrotomys.
Divergence values (Table 2) within tribes ranged from a low of 2.18% for the Tylomyini to a high of 6.54% for the Peromyscini. Comparisons between tribes ranged from a low of 7.10% between the Baiomyini and the Neotomini to a high of 10.84% between the Peromyscini and the Tylomyini.
When Onychomys was constrained to the Neotomini, as in the mitochondrial cytochrome-b phylogeny (Bradley et al. 2004) , the topology was determined to be significantly worse (P , 0.001) based on the Shimodaira-Hasegawa test (Shimodaira and Hasegawa 1999) . Furthermore, when Peromyscus sensu stricto and Reithrodontomys were constrained to be sister taxa as suggested in Carleton's (1980) study, the resulting topology was significantly worse (P , 0.001). Constraining Peromyscus to be a monophyletic group, as suggested in the neighbor-joining analysis, did not result in a significant difference between the likelihood scores of the 2 trees (likelihood ratio test ¼ 0.762; P . 0.05).
DISCUSSION
Sequences from exon 6 of the dentin matrix protein 1 gene (Dmp1) suggest that the region may provide resolution at the tribal level in studies of sigmodontine rodents. As in previous studies (Toyosawa et al. 1999; Van Den Bussche et al. 2003) , heterozygosity was low and did not compromise phylogenetic analyses. Furthermore, non-frame-shifting insertions and deletions were present but were conserved at different taxonomic levels.
In each of the analyses (parsimony, distance, likelihood, and Bayesian), composition of taxa within tribes remained constant; however, relationships between tribes across analyses varied. In general, 4 tribes were recovered within the North American sigmodontine complex, corresponding to the hypotheses of both Carleton (1980) and Bradley et al. (2004) . These were the Neotomini (Hodomys, Neotoma, and Xenomys), the Peromyscini (Neotomodon, Ochrotomys, Onychomys, Osgoodomys, Peromyscus, and Reithrodontomys), the Baiomyini (Baiomys and Scotinomys), and the Tylomyini (Ototylomys and Tylomys). It appears that the Neotomini, Peromyscini, and Baiomyini may have radiated almost simultaneously, because it is difficult to determine relationships of one tribe to another. This idea also was suggested by Bradley et al. (2004) , because the authors had difficulty resolving the relationships between tribes. Most of the analyses differed in the placement of the Baiomyini in relation to the Neotomini and Peromyscini. In this study, the Baiomyini were unresolved to the Neotomini and Peromyscini, sister to the Peromyscini, and sister to a clade consisting of both the Neotomini and the Peromyscini. This confirms the suspicion that the Baiomyini are indeed a valid tribe, rather than a basal taxon of the Peromyscini.
The Neotomini.-Members of the genus Neotoma formed a monophyletic group, with Hodomys and Xenomys joining in a stepwise fashion. Although the exclusion of Onychomys from the Neotomini contradicts the hypothesis of Bradley et al. (2004), Carleton (1980) supports inclusion of this genus in the Peromyscini, as do several other studies (Engel et al. 1998; Hooper and Musser 1964a; McKenna and Bell 1997; Musser and Carleton 1993; Sullivan et al. 1995) . It is unclear as to whether Xenomys or Hodomys is basal to the Neotomini.
The Peromyscini.-Constraining the members of the genus Peromyscus to form a monophyletic group did not result in a statistically significant difference from a topology that placed Neotomodon sister to a clade of P. difficilis, P. attwateri, and P. boylii, with P. mexicanus then joining the PeromyscusNeotomodon clade. Osgoodomys was the next taxon to group with the clade mentioned above, followed by Reithrodontomys. Although this corresponds to Hooper and Musser's (1964b) proposal of Reithrodontomys sister to a clade of Peromyscus, Neotomodon, and Osgoodomys, it contradicts Carleton's (1980) hypothesis that Reithrodontomys is the sister taxon to Peromyscus sensu stricto. Onychomys joined in a stepwise manner, and Ochrotomys was the last taxon to group with the Peromyscini. Bootstrap support in the parsimony analysis was low, however, when Ochrotomys was considered part of the clade. It has been proposed that Ochrotomys should be placed outside of the Peromyscini (Engel et al. 1998 ; Engstrom and Bickham 1982) potentially representing a separate tribe (Bradley et al. 2004; Carleton 1989) ; however, more data are needed before that claim can be substantiated.
The Baiomyini.-Examination of our data suggests that the Baiomyini, consisting of Baiomys and Scotinomys, should be recognized as a valid tribe. In all analyses, these 2 taxa were consistently sister, but their position relative to the other tribes differed in every analysis. Clearly this shows that these taxa are not members of the Peromyscini, as proposed by Musser and Carleton (1993) .
The Tylomyini.-The Tylomyini (Tylomys and Ototylomys) also should be recognized as a valid tribe. This group was strongly supported in all analyses and without fail was sister to a clade consisting of the Neotomini, Peromyscini, and Baiomyini. Recently, data have been found to indicate that Nyctomys belongs within this tribe (Bradley et al. 2004 ). Furthermore, Reig (1984) proposed that Otonyctomys and Nyctomys should be included in the subfamily Tylomyinae. These 2 genera are not represented in this study, however, so we cannot comment on their placement. Nyctomys and Otonyctomys should be examined in future studies to determine whether they belong in the Tylomyini.
RESUMEN
A pesar de la cantidad de trabajos existentes sobre los roedores Norteamericanos pertenecientes a la subfamilia Sigmodontinae, las relaciones filogenéticas dentro del complejo neotomine-peromyscine continúan siendo solo conjeturas. El debate actual no solo se ha centrado en el número de tribus dentro del grupo, sino también en las relaciones entre los géneros que integran cada tribu. En el presente trabajo fue analizada la relación filogenética de 19 especies que representan 13 géneros de roedores pertenecientes al complejo neotomine-peromyscine, mediante el uso de 1,200 pb del exón 6 nuclear que codifica para el gen de proteína de matriz de la dentina (Dmp1). La topología que se obtuvo después de haberse realizado un análisis de máxima probabilidad indicó, que se debería dar reconocimiento a 4 tribus: la Neotomini, Peromyscini, Baiomyini y Tylomyini, donde la tribu Tylomyini es hermana a un clado rápidamente radiando de roedores neotomine-peromyscine-baiomyine. Además, nuestros datos sugieren que Dmp1 constituye un marcador filogenéticamente informativo a nivel de tribu en los roedores Norteamericanos sigmodontinos. 
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